We applied a three-dimensional ecosystem-physical coupled model including iron the effect to the Okhotsk Sea. In order to clarify the sources of iron, four dissolved iron compartments, based on the sources of supply, were added to Kawamiya et al.'s(1995) model (KKYS) to create our ecosystem model (KKYS-Fe). We hypothesized that four processes supply iron to sea water: atmospheric loadings from Northeastern Asia, input from the Amur River, dissolution from sediments and regeneration by zooplankton and bacteria. We simulated 1year, from 1 January, 2001
INTRODUCTION
The Okhotsk Sea is one of the most biologically productive regions in the world, which supports high fisheries production (Fig.1) . Several previous reports indicate that the primary productivity of the Okhotsk Sea is very high, especially on the continental shelf (Sorokin and Sorokin, 1999; Saitoh et al., 1996) . It has been reported that a major fraction of the phytoplankton in this sea are diatoms (e.g., Hanzawa et al., 1981) , and previous observations revealed maximum diatom cell numbers in spring and minima in autumn (Ohwada, 1957; Hanzawa et al., 1981) . The Okhotsk Sea is well-known as one of the southern most seasonal sea ice zones in the Northern Hemisphere.
M atsumoto et al., (2004) analyzed the seasonal and interannual variability of chlorophyll-a (Chl-a) distributions in the Okhotsk Sea from 1998 to 2001. They concluded that the most important factor required to characterize the spatial and temporal variability of spring blooms was the timing of sea ice retreat, while a secondary factor was the changes in insolation. Okunishi et al., (2005) showed that the beginning of the spring bloom in the Okhotsk Sea depends on changes in the light environment, and that the presence of sea ice controls the light intensity in the surface water and thereby controls the timing of the spring bloom.
In recent years the micronutrient iron has been shown to play a key role in limiting phytoplankton growth rates and structuring plankton communities over much of the world's oceans, particularly in the high-nitrate, low-chlorophyll (HNLC) regions (M artin et al., 1989; M artin et al., 1990; M artin et al., 1991; M artin, 1992; Helbling et al., 1991; Price et al., 1994; Takeda and Obata, 1995; de Baar et al., 1995; Coale et al., 1996; Landry et al., 1997; Takeda, 1998; Behrenfeld and Kolber, 1999; Boyd and Harrison, 1999; M oore et al., 2000) . Recent studies have shown that iron is an important factor controlling phytoplankton in the Western Subarctic Pacific (Tsuda et al., 2003) .
There are previous papers a concerning one-dimensional ecosystem model including the effect of iron applied to the HNLS regions (e.g. Peña 2003 . But, these models were not focused on iron cycling in the water column; rather, they examined the effect of iron on primary production without clarifying the sources of iron. On the other hand, three-dimensional computation including the iron cycle process can provide us with new knowledge of different sources of iron in primary production by clarifying these sources.
There is little information on iron concentration in the Okhotsk Sea. Tani et al. (2003) showed that Fe(III) solubility in the surface mixed layer was generally high and variable (0.3-0.7nM ) in the southern Okhotsk Sea during M ay-June 2000. The inorganic nitrogen concentration varied in the upper mixed layer from 1 to 3 µM in the center of the Okhotsk Sea in summer (Sorokin and Sorokin, 1999) . Nitrate was depleted after the spring phytoplankton bloom in the western region of the Okhotsk Sea in June 2000 (Nakatsuka et al., 2004) . These facts suggest that the iron supply is higher in the Okhotsk Sea than in the Western Subarctic Pacific and, that phytoplankton growth is not limited by iron availability in the Okhotsk Sea. However, it is not well-known whether iron or not limits phytoplankton growth, or what the main source of iron is in the Okhotsk Sea.
This study sought to evaluate the role of iron in biological production and to examine the sources of iron in the Okhotsk Sea by using a three-dimensional ecosystem-physical coupled model that includes iron biogeochemistry. compartments (phytoplankton; Phy, zooplankton; Zoo, nitrate; NO 3 , ammonium; NH 4 , Detritus; D, dissolved organic matter; DOM ). Four iron compartments were added, separated according to source as shown in Fig.2 (KKYS-Fe), to clarify the sources of iron. We assumed that the processes of dissolved iron supply to the Okhotsk Sea are: 1) atmospheric loadings from Northeastern Asia (FE AIR ), 2) riverine input from the Amur River (FE RIV ), 3) dissolution from sediments (FE SED ), and 4) biological regeneration by zooplankton and bacteria (FE BIO ) (Fig.3) . The dissolved iron fraction from unidentifiable sources is also included in this compartment (FE BIO ). We assumed that all dissolved iron is bioavailable and that particulate iron is not bioavailable (and therefore is omitted in the model). We also suppose that the phytoplankton and zooplankton have the same iron/nitrogen ratio 0.044 in [nmol : µmol] , assuming a carbon/nitrogen ratio of 106: 16 in phytoplankton, based on Gregg (2002) and Gregg et al. (2003) . We used the same iron/nitrogen ratio in the other compartments (Detritus, DOM ).
Formulation of ecological processes
Time evolution of each compartment is described as follows;
where i C is the arbitrary compartments, v current velocity, and K the diffusion tensor. The mathematical formulations for the nitrogen flow followed those of Kawamiya et al., (1995) . The new and modified formulations are as follows:
Photosynthesis: T he M ichaelis-M enten formula was adopted for iron uptake by phytoplankton. Noiri et al., (2005) reported that the half-saturation constant for iron is 0.59 nM (at 5 °C) and 0.58 nM (at 8 °C) for photosynthesis (>10 µm size fraction) in the Western Subarctic Pacific. In this model, 0.58 was used for ( FFe K ). Ammonium inhibition was taken into account (Wroblewski, 1977) in the original KKYS. We modified the half saturation constants (M oore et al., 2002) to account for the increased preference for ammonium under iron limitation. The half-saturation constant for nitrate uptake was increased to as much as 150% of its original value (Eqs.8 and 9) with increasing iron stress. Likewise, the half-saturation constant for ammonium was reduced to 50% of its original value with increasing iron stress (Eqs. 8 and 9). 
where T is temperature, z is depth, positive upward (zero at the sea surface), I light intensity, opt I optimum light intensity, 0 I photosynthetically active radiation (PAR) at the sea surface, Λ the light dissipation coefficient, and TFe total dissolved iron concentration. Notation for parameters is given in Table 1 Atmospheric iron flux: The main source of dissolved iron in the surface water in most areas of the open ocean is dust deposited at the sea surface . The atmospheric iron flux is added to the first layer of the model at each time step of the ecological calculation. Duce and Tindale (1991) estimated the global atmospheric iron flux based on Donaghay et al. (1991) , assuming that 3.5% (w/w) of the atmospheric dust contributes to the iron flux. Fig.4 shows the annual iron flux in this study, based on Duce and Tindale (1991) . Fung et al., (2000) estimated an iron budget for the upper ocean using solubilities of 1% and 10%. We assumed that 1% of atmospheric iron is dissolved into the dissolved iron pool. We considered the seasonal variation in the iron flux by using the Gaussian function after Littmann (1991).
Iron flux from the Amur River: The Amur River is one of the largest rivers in East and North-East Asia. It is 4440 km long, and drains an area of 1,885,000 km 2 and supplies significant freshwater to the Okhotsk Sea, The minimum discharge is about 1,000 m 3 s -1 in M arch. Its discharge starts to increase in April, reaches a maximum (up to 200,000 m 3 s -1 ) in September, gradually decreases in October to December, and then remains near the minimum level (Fig.5) . The major part of the drainage area is underlain by boreal forest, mixed forest and swamps. The dissolved iron concentration of the Amur River is 0.56( ± 0.17) mg L -1 (Shibata, 2005) . It is well-known that salinity plays an important role in the aggregation process of dissolved iron in an estuary. Colloidal iron definitely plays a leading role in controlling iron behavior in the mixing process in estuaries, and its flocculation is responsible for the removal of dissolved iron (Dai and M artin, 1995) . Sholkovitz (1976) pointed out that 100% of riverine iron is precipitated by flocculation under the influence of oceanic salinities. On the other hand, about 93% of dissolved iron in the Lena River was removed at the mouth of the Laptev Sea (Guieu et al, 1996) . Predue et al. (1976) found a strong correlation between dissolved organic matter (fulvic acid) and iron concentration in natural waters. Figures et al. (1978) reported that organically-bound iron in river water can remain without sinking and is diffused into coastal water. Now, we assumed that 99% of the riverine iron is lost in the estuary, so that 1% of the riverine iron was the fluvial iron, and the dissolved iron concentration supplied to the Okhotsk Sea from the Amur River is 100 nM . FE RIV only includes a temporal input from the Amur River. The Amur River obviously supplies large amounts of particulate iron. The particulate iron has a potential to supply dissolved iron in the water column by resolution. Therefore, we included FE RIV as a "direct contribution" from the Amur River. And we did not include iron removed by flocculation at the river mouth (Fig.3) , which must be recycled through re-suspension.
Iron solution from sediment: The iron flux from sediments to the Okhotsk Sea is not well-known. Kuma et al. (2000) reported that the soluble iron concentration was from 3 to 13 nM near the bottom of Funka Bay. We expressed an effect of iron solution from sediments by fixing a high iron concentration (FE SED =13 nM ) in the bottom layers of the model.
Scavenging of dissolved iron:
As a nutrient, iron behaves differently than nitrate, because it is scavenged from the dissolved phase by sinking particles. The abiotic scavenging rates for iron in sea water are not well-known; however, van den Berg (1995) and Bruland (1995, 1997) pointed out that at low iron concentrations (< ~ 0.6 nM ) most (>99%) of the dissolved iron is bound to organic ligands, and is not strongly reactive with particles. Johnson et al., (1997) argued that scavenging was negligible due to ligand binding under low iron concentrations (< ~ 0.6 nM ). We have adopted a particle scavenging loss term for dissolved iron based on M oore et al., (2002) . At low iron concentrations (< 0.6 nM ) most dissolved iron is bound to organic ligands, but is still weakly reactive with particles, and above 0.6 nM , particle scavenging rates increase rapidly with increasing iron concentrations. Thus, below 0.6 nM ( nM TFe 6 . 0 ≤ ) we include a weak scavenging loss of 1.67% per year (Eq. 11). As iron concentrations exceed this threshold ( nM TFe
scavenging increases with increasing iron concentrations following M ichaelis-M enton type kinetics up to a maximum rate of 2.74% per day with a half-saturation constant of 1.8 nM (Eq. 11). We assumed that scavenged iron was removed from the iron pool of the ecosystem, i.e., iron is not conserved in the model.
Governing equations
Combining the biochemical processes formulated above and Kawamiya et al., (1995) , t governing equations of iron are: 
(20) Figure 7 shows the time-dependent features of the ecological compartments in the surface layer (0-20 m) at Sta.C (see Fig.1 ) for two years. The first-year results are a spin-up integration, the second-year results are used for model analysis. The time constants of this ecosystem model are less than 160 days.
Physical model
The Princeton Ocean M odel (POM ) (Blumberg and M ellor, 1987; Galperina and M ellor, 1990) was used for the ocean model. This model is a three-dimensional, free surface, ocean model with a second moment turbulence closure scheme (M ellor and Yamada, 1982) to provide vertical mixing coefficients. The model domain extends from 34°N to 63°N and from 127°E to 166°E, which does not include the Japan Sea (Fig.1) . The Soya and Tsugaru Straits are closed, and grids shallower than 30 m depth are masked. The horizontal grid scale is 1/6°. POM uses a sigma coordinate system in the vertical dimension. In deep areaa, a sigma coordinate system cannot resolve adequately near the surface, because the layer thickness becomes large. Therefore, the fixed z-levels coordinate system is used for the upper 10 levels, while the lower 10 levels are sigma levels. The thicknesses of the upper 10 levels are 2 m. The following surface drag coefficients were used; Orlanski, 1976) as open boundary conditions of the ecological compartments. The model is run for 250 days in a diagnostic mode (holding the density field unchanged) to obtain the velocity and the sea surface height field using the climatological wind stress of daSilva et al., (1994) . After this initial run, the physical fields are used for the initial condition of the coupled model.
Sea ice effect:
In this study we used the NCAR Climate System Sea ICE M odel (Bettge et al., 1996) . The momentum dynamics in the above model are based on the model by Flato and Hibler (1992) . The thermodynamics of ice growth and melting processes are taken from Semtner (1976), Parkinson and Washington (1979) , Harvey (1988) and Pollard and Thompson (1994) . , a τ is the moment flux from the atmosphere to the surface water, i τ is the moment flux from the sea ice to the surface water. The momentum flux from the atmosphere to the surface water is described as:
where, ρ is the sea water density, d
C is the drag coefficient x W is the zonal wind speed, y W is the meridional wind speed, and IC is the sea ice concentration in per cent. The momentum flux from the sea ice to the surface water is described as: I is the incident light strength at the surface of sea ice, r is the reflectivity at the sea ice surface, d is the thickness of sea ice and α is the extinction coefficient of sea ice. Gilgert and Buntzen (1984) reported that the extinction coefficient in sea ice of 10 cm thickness was 0.025 cm -1 .
We used this value. Ishikawa et al (2003) reported the value of 0.04 as the reflectivity at the sea ice surface, and this value is used in our model. The thickness of sea ice is estimated by the sea ice model described above.
Model run
The simulation was conducted for one year from 1 January, ice formation and melting are also reflected as SSS data. We also used Bishop and Rossow's (1991) monthly mean solar radiation data as PAR (photosynthetically active radiation).
RESULTS and DISCUSSION
3.1 Nitrate, Chl-a and iron concentration
According to Okunishi et al. (2005) , the presence of sea ice controls light intensity in the surface water and thereby controls the timing of the spring bloom in the Okhotsk Sea. The reproducibility of the sea ice model is an important factor to enhance the credibility of the ecosystem model. Figure 8 shows the monthly sea ice concentrations from NCEP data (Reynolds et al., 2002) Sta.E the nitrate concentration is underestimated by KKYS, and the Chl-a concentration is overestimated in spring (Fig.9) . The spring bloom peak estimated by KKYS-Fe occurs slightly later than in SeaWiFS except for Sta. A. Generally, in ecosystem models, the photosynthesis rate is one of the important factors that determines the timing and scale of spring blooms (Fujii et al, 2002; Okunishi et al, 2005 ). In our model, the value of the half-saturation constant for iron uptake, which is based on the incubation experiment by Noiri et al (2005) , is higher than that of previous ecosystem models including the effect of iron(e.g. M oore et al., 2002). Thus, in our model, photosynthesis rate estimated by KKYS-Fe is lower than the KKYS estimate even in the Okhotsk Sea at the high iron concentration. In KKYS-Fe this low photosynthesis rate causes a delay of one month in the spring bloom compared with the KKYS result, which showed good agreement with SeaWIFS data. However, the Chl-a concentration estimated by KKYS is higher than that of SeaWIFS during winter (Jan.~ M ar.) and the pre-blooming season (~ Apr.) at all stations. And during these months, nitrate estimated by KKYS is underestimated compared with the WOA 2001 data. Additionally, the primary production over the Okhotsk Sea estimated by KKYS is slightly higher compared with previous estimations (see Section 3.2). Therefore, in the surface layer, the nitrogen budget is reproduced better by KKYS-Fe than by KKYS. Figure 10 shows the sea surface nitrate distribution simulated by KKYS and KKYS-Fe together with the observed value from the WOA 2001 in M arch. In M arch, before the spring bloom, the results of KKYS-Fe agree well with the observation, but those of KKYS do not agree in the northwestern Pacific. As shown in Fig.10 (a, b) , the nitrate concentration is relatively high in the northwestern Pacific. After the spring bloom (July), the sea surface nitrate is depleted in almost all areas of the Okhotsk Sea and the concentration remains more than 5µM in the northwestern Pacific (Fig.11a) . KKYS-Fe (Fig.11b) shows almost the same features as the WOA 2001 data in both the Okhotsk Sea and the northwestern Pacific. On the other hand, KKYS can never reproduce this surface nitrate distribution (Fig.11c ), but the sea surface nitrate is depleted in almost the whole area.
The spring bloom in 2001 begins in the southern and northeastern parts of the Okhotsk Sea in M ay, and moves toward the northern and northeastern parts in June (Fig.12a, Fig.13a ). Both KKYS and KKYS-Fe can reproduce the spatial distribution of phytoplankton during the spring bloom in the Okhotsk Sea (Fig. 12b, c, Fig. 13b, c) . Figure 14 shows the horizontal distribution of each iron compartment at the sea surface in June (during the spring bloom). M ost of the iron near the sea surface in the Okhotsk Sea comes from the atmosphere (FE AIR ). In the western Okhotsk Sea, the surface FE AIR concentration is high (>0.6 nM -Fe), while in the eastern Okhotsk Sea it is low (<0.4 nM -Fe) (Fig.14a) . This pattern agrees with the source of the atmospheric iron flux (Fig.4) . The surface FE SED concentration is high (>0.5nM ) around the costal zone of Okhotsk Sea in June (Fig.   14b ). The surface FE BIO concentration is low in the northern Okhotsk Sea (>0.4 nM -Fe) (Fig.14c ).
This pattern of FE BIO distribution agrees with the inverse Chl-a distribution. This shows that the FE BIO distribution depends on the consumption of surface iron by phytoplankton. The surface FE RIV concentration is high only near the mouth of Amur River in M ay (Fig.14d) , when its maximum concentration is about 3 nM Fe.
The surface Chl-a distribution from KKYS-Fe agrees well with the SeaWiFS-Chl image, with respect to the low Chl-a feature in the northwestern Pacific. This suggests that a strong iron limitation exists in the northwestern Pacific. It is well-known that the Western North Pacific is a high-nutrient, low-chlorophyll (HNLC) region. A meso-scale in situ iron enrichment experiment,
SEED S (Subarctic Pacific Iron Experiment for Ecosystem Dynamics Study), clearly demonstrated
that iron fertilization stimulated the utilization of surplus nutrients and the uptake of carbon dioxide by phytoplankton (Tsuda et al., 2003) . In our simulation, low FE AIR concentrations at the sea surface overlapped with areas of high nitrate concentration (Fig.11b, Fig.14a ). It is clear that this region is HNLC because of a low atmospheric iron flux and iron limitation of phytoplankton growth.
Off the east coast of Kamchatka Peninsula, the Chl-a concentration in the SeaWiF S-Chl images is relatively high in M ay (Fig.12a) . However, KKYS-Fe shows a low Chl-a concentration in this region (Fig.12b) (Fig.10a, b and Fig.11 a, b) . We can presume that this high nitrate concentration is caused by the effect of advection by the Oyashio Current, which brings water with high nitrate and low dissolved iron concentration from the HNLC regions in the Western Subarctic Pacific. The Orlanski method which we used as the open boundary condition, cannot reproduce well the effect of advection and seasonal variations in nitrate and dissolved iron concentration. As another discrepancy, in the central Okhotsk Sea, the Chl-a concentration in the model is higher than SeaWiFS data during the bloom season ( Fig.13 a,b) . Okunishi et al. (2005) found that the Chl-a concentration was also low in this region in 1997. If iron limitation causes low
Chl-a levels in this region during the bloom season, the iron flux is overestimated in our model. FE RIV and FE SED are much lower than FE AIR , and also FE BIO in the Okhotsk Sea is almost the same level as that in the northwestern Pacific (Fig.14) . Consequently, the over-estimated portion of the iron flux must come from the atmospheric iron flux.
Primary production in the Okhotsk Sea
The estimated mean primary production over the Okhotsk Sea is 382 g-C m -2 year -1 for KKYS and 310 g-C m -2 year -1 for KKYS-Fe. Previous estimations of total annual primary production in the Okhotsk Sea were in the range of 100-200 g-C m -2 year -1 (Nishimura 1983; Ivanenkov and Zemlyanov, 1985) while recent estimates are rather higher (e.g., 313-355 g-C m -2 year -1 from Sorokin and Sorokin, 2002) . Figure 15 shows the horizontal distribution of primary production by KKYS-Fe. The high primary production is found around the Kuril Islands and the southeastern Okhotsk Sea, where the iron is supplied from the atmosphere and sediments. Figure 16 shows the difference in annual primary production between KKYS and KKYS-Fe. Areas with large differences are where iron strongly limits phytoplankton growth. According to this figure, iron is most limiting in the southeastern Okhotsk Sea. Figure 17 shows the time dependent features of the fractional contribution from each source of iron to total photosynthesis in the Okhotsk Sea. Atmospheric iron (photosynthesis using FE AIR )
contributed about 33% by year (Table 2) . Especially during the spring bloom, its contribution is the highest of the four dissolved iron compartments, reaching a maximum of 41% (Fig.17) . Duce and Tindale (1991) pointed out that dust deposition is the main source of dissolved iron at the sea surface in the open ocean. The iron deposited in surface water is generally consumed very rapidly by phytoplankton (Johnson et al., 1997) . In fact, even in the Okhotsk Sea (a marginal sea), the majority of primary production depends on atmospheric iron during the spring bloom, according to our results. Biologically regenerated iron (FE BIO ) contributed about 33% of the primary production in the Okhotsk Sea by year (Table 2 ). This suggests that FE BIO also plays an important role in maintaining high primary production in the Okhotsk Sea. The iron from sediment (FE SED ) also has a significant contribution as dissolved iron source (32%) per year (Table 2) . On the other hand, the contribution of riverine iron (FE RIV ) is small. Even during the period with a large iron input from the Amur River in summer, the maximum contribution of FE RIV is only 4.3% (Fig.17) .
Sensitivities to the atmospheric, sediment and riverin iron fluxs
To investigate the sensitivity to the atmospheric iron flux, the iron flux from sediment and the riverine iron flux from the Amur River against the primary production, we conducted simulations by changing the iron flux with the same physical conditions. Case 1 is the default condition described in the previous section. In Case 2, we set the atmospheric iron flux to be half that in Case 1. In Case 3, FE SED in the bottom layers is fixed to be 5 nM which is almost one-third that in Case 1. In Case 4, we set the iron flux from the Amur River to be ten times that in Case 1.
Other conditions in Case 2, Case 3 and Case 4 are exactly the same as in Case 1. Table 2 shows the contribution of four iron sources to annual primary production in the Okhotsk Sea. In all cases, the atmospheric iron flux, the iron flux from sediment and the biologically recycled iron have strong impacts on the primary production. In case2, however, the contribution of FE AIR to primary production is lower (21%) than in case 1 because of the decrease of the iron flux from atmosphere.
The uptake ratio from the other sources of iron changes, and consequently the primary production using the other sources becomes a little bit larger. But total primary production is reduced due to the decrease in the input from the atmosphere. In Case 3, as is shown in Fig.14b , the contribution from sediment is extremely high near the coast of eastern Okhotsk, where the input from the atmosphere is small. This is the reason why the total primary production is reduced in Case 3.
In Case 4, the contribution of FE RIV to primary production is higher than in case 1. Although iron flux from the Amur River is ten times larger than in case 1, however, the contribution of FE RIV is not necessary high in Case 4. This is because that the scavenging effect is significant as the cause of the high dissolved iron concentration. Large amounts of FE RIV are removed around the coastal estuary of the Amur River. In our model, the role of riverine iron in the primary production is small.
However, the Amur River supplies iron into the Okhotsk Sea in the form of particulate iron moving through the estuary. The riverine iron from the Amur River is potentially the source of FE SED.
Additionally, iron from unidentified sources is included in the standing stock of FE BIO . There is a possibility that the main source of FE BIO is riverine iron from the Amur River. The contribution of dissolved iron from the Amur River for primary production is small according to our results, because our model only considers "a direct contribution" (see Fig.3 ) of iron from the Amur River.
FE BIO must include recycled iron, the source of which is originally from the river. In addition to this, we assumed that 99% of riverine iron from the Amur was removed from the model system because dissolved iron aggregates and sinks in the estuary. The uncertainty of this assumption prevents us from obtaining a precise estimate of the contribution of riverine iron to primary production in the Okhotsk Sea. Aggregated iron could be re-suspended by strong tidal currents (Ohshima et al., 2002) and strong vertical mixing in the continental shelf in winter, and be resolved in the water column.
This indirect contribution may play a large role in the iron cycles in the Okhotsk Sea.
In this study, we applied average values for the atmospheric iron flux. The surface FE AIR concentration is high in M ay in the southern Okhotsk Sea. Consequently, the surface TFe concentration is high compared to the observations in M ay. The atmospheric iron flux may have been overestimated in this study. We have no definite information on atmospheric iron fluxes in the Okhotsk Sea. It is important to accurately quantify atmospheric iron fluxes to the sea surface in marginal seas as well as the iron concentration in the water column. We encourage further research concerning this point. In further work, it will be necessary to develop an ecosystem model including a complete iron cycle, and to estimate more accurately the sources of iron using long-term simulations with that model.
CONCLUS IONS
This study is the first to examine the iron sources in the Okhotsk Sea by using an ecosystem model including the effects of iron. Our results suggest that atmospheric deposition, the iron flux from sediment and biological regeneration of iron in the water column play an important role in maintaining high primary production in the Okhotsk Sea. The contribution to primary production of the atmospheric deposition of iron (FE AIR ) during the spring bloom in the Okhotsk Sea is extremely large. In addition, biologically regenerated iron (FE BIO ) is important through out the year. Schematic diagr am of the p rocess of dissolved iron supp ly to the Okhotsk Sea. Four p rocesses of dissolved iron supp ly to the Okhotsk Sea ar e assumed : 1) atmosp heric loadin gs from Northeastern Asia (FE AIR ), 2) riverine inp uts from the Amur River (FE RIV ), 3) dissolution from sediments (FE SED ), and 4) biological regeneration by zoop lankton and bacteria (FE BIO ). Our model consid ers FE RIV as a "direct contribution" from the Amur Riv er. T he p articulate iron has the p otential to supp ly dissolved iron to the water column by resolution. T he model does not consider iron removed by flocculation at the river mouth. We can say that the contribution of resolved iron from the p articulate iron supp ly of the Amur River is an "indirect contribution". T ime-dep endent features of each co mp artment at the sea surface at Sta. C from KKYS-Fe for two y ears. T he first-y ear results (DAY= 0-365) are a sp in-up integration, the second-y ear results (DAY=365-730) are used for model an aly sis. T he time constants of this ecosy stem model ar e less than 160 day s. T he right-side scale is for NO 3 concentrations, and left-side scale is for the concentrations of the other comp artments. 
